We report on a study of the interactions between holes and molecular vibrations on dry DNA using photoinduced infrared absorption spectroscopy. Laser photoexcited (PE) holes are found to have a room-temperature lifetime in excess of of τ > 1 ms, clearly indicating the presence of localization. However, from a quantitative model analysis of the frequency shifts of vibrational modes caused by the PE holes, we find the holevibrational coupling constant to be relatively small, λ ≈ 0.2. This interaction leads to a change in the conformational energy of ∆E 0 ∼ 0.015 eV, which is too small to cause selftrapping at room temperature. We conclude that -at least in the dry (A) form -DNA is best understood in terms of a double chain of coupled quantum dots arising from the pseudo-random chain sequence of base pairs, in which Anderson localization prevents the formation of a metallic state.
Determining the microscopic details of how electron and hole radicals interact on DNA is important not only for determining the dominant fundamental interactions on the molecule and its electronic properties as a molecular building block, but also for understanding in more detail the processes involved in DNA's life cycle. After numerous studies of the conduction properties of DNA, very diverse conclusions regarding the nature of DNA were proposed, ranging from metal to insulator and even superconductor 1, 2 . Photochemical studies of electronic transport along DNA have shown that the electrons travel over short distances by quantum-mechanical tunnelling up to a range of 2-3 base pairs (i.e. up to 10 Ǻ) 3 , while transport over larger distances has been suggested to proceed via thermally activated hopping, either as polarons or by simple hopping between rigid random traps formed by the pseudorandom potential of the basepair stacks. Recent calculations of DNA molecular dynamics have predicted that nonlinear mechanics might lead to the existence of "vibrational hot spots" -selective sequences of base pairs where trapping of charge carriers can occur 4 . On the other hand, ab-initio calculations 5 suggest that geometry distortions caused by holes cause polaron formation with binding energy of the order of 0.3 eV. However, very few microscopic data on charge carrier trapping are presently available, so it is of great fundamental importance to obtain spectroscopic information on coupling of the DNA molecular vibrations with the electrons and holes. This information is crucial -not only for understanding electron and hole dynamics in photoexcited DNA -but also for understanding the mechanism of carrier transport and gene transcription in general.
Applying photoinduced infrared absorption (PIA) spectroscopy to DNA samples for the first time, we show that the PE radicals form metastable states with a unique fingerprint in the infrared spectrum. We measure infrared absorbance spectra with, and without laser illumination (A i and A 0 respectively), whereby the small differences in the two spectra ∆A=A i -A 0 are recorded 6 . nm (see Fig.1 ). To enable cross-checking of the effect of the dye, we have used two Importantly, the CT and ST PIA spectra are virtually identical, suggesting that the photoexcited DNA has a characteristic PIA fingerprint which is independent of the DNA sequence. On the other hand, since the dyes are attached to DNA in different positions 8, 9 ,
we observe small differences in the PIA spectra in the two cases. More specifically, peaks around 1291, 1503 and 1607 cm -1 don't appear in both dye/DNA combinations, but dyespecific and intrinsic DNA spectral signatures can be clearly and unambiguously distinguished from each other. Another possible artefact -laser heating -can be eliminated from consideration by an examination of the difference between two IR absorbance spectra obtained at different temperatures. Such a difference spectrum obtained from 295 K and 330 K spectra is shown in Fig. 2 , and clearly bears no resemblance to the PIA spectra.
A surprising feature of the data -which is of great significance to mutagenic processes -is the magnitude of the PIA spectrum intensity, ∆A = 10 -3 even at room temperature. This is a direct indication that the hole radical lifetime τ is very long. From the photon flux of φ = 3 × 10 17 photons/s, illuminating a 1 mg sample consisting of ∼9 × 10 17 base pairs, we calculate G ≈ 0.3 photons per base pair per second. We can thus estimate the hole lifetime to be τ = ∆A/G ≈ 10 -3 s.
We turn to a detailed discussion of the PIA spectra. First, we note the absence of a polaron hopping spectrum above 500 cm -1
, which dominates the PIA spectra of conducting polymers for example 6 . A polaronic hopping spectrum in the PIA has a peak at, or near, the polaron binding energy E B . Its absence suggests that there are no polarons present with a binding energy anywhere between 0.08 eV and 0.5 eV. Instead, rather remarkably, only changes in vibrational modes are observed. The assignments of the modes are listed in Table 1 . Since the PIA spectra ∆A bear no resemblance to the IR absorbance spectra A 0 , the assignments cannot be made directly. However, when we compare the PIA spectra ∆A(ω) in Fig. 3 with the change in the IR absorbance
, which would arise from a red-shift ∆ω of IR modes to lower frequency, we see an obvious similarity between ) , ( ω ω ∆ ′ ∆A and ∆A(ω). In Fig.3 we observe that a red-shift of ∆ω=16 ± 2 cm -1 gives an impressively good overall fit to the PIA data in the region 800-1800 cm -1 . However, when individual modes are carefully analysed, we find that the shift ∆ω is actually slightly different for different modes, as shown in Table 1 .
In the region 2500-3500 cm -1 , the PIA spectrum has a large oscillator strength (approx. 60% of the total intensity). The broad peak centered at 2746 cm -1 lies in the region of the N-H vibration band, suggesting that it is a photoinduced band, whose oscillator strength is derived from N-H vibrations, while the strong peaks at 3192 cm From the photoinduced frequency shifts ∆ω i in Table 1 Table 1 reveals that λ i increases towards the centre of the DNA duplex. However, the overall hole-vibron coupling constant is measured to be λ = Σ i λ ι = 0.21, which is surprisingly small. From the data in Table 1 , we can also calculate the renormalisation of the total ground state energy (or more concisely, the zero-point motion energy) associated with the PE radical as: eV 11 . We conclude by noting that the use of engineered quantum-well base sequences for storing information at room temperature might be a realistic possibility:
The confinement energy E 0 =h 2 /8mL 2 ≈ 0.37 eV for a hole of radius of r h ≈ 1 nm, trapped in a guanine quantum well is sufficiently large to allow holes to remain trapped for times of the order of milliseconds or more -which, indeed, we experimentally observe. 
